Nanoscale zero-valent iron (NZVI) was first assembled on magnetic carbon/Fe 3 O 4 (CM) with a combination of hydrothermal and liquid phase reduction methods. The novel NZVI@CM magnetic nanocomposites have the merits of large surface area, unique magnetic property, low cost and environmental friendliness. They can be used for Pb(II) removal in aqueous solution. The materials were characterized by using transmission electron microscopy (TEM), X-ray diffraction (XRD), Fourier transform-infrared spectroscopy (FT-IR), thermogravimetric analysis (TGA), vibrating sample magnetometry (VSM), X-ray photoelectron spectroscopy (XPS) and Brunauer-Emmett-Teller (BET) adsorption. The various parameters, such as reaction time, dosage of catalyst, solution pH and acid ions concentrations were studied. The removal efficiency of Pb(II) can be obviously increased by the combination of appropriate CM and NZVI. The removal efficiency of Pb(II) is 99.7% by using 60 mg of NZVI@CM at pH 7. The kinetics study indicates that the Pb(II) removal accords to pseudo-secondorder kinetics model.
INTRODUCTION
Heavy metals have been widely used in industrial areas such as painting pigments, storage batteries manufacturing, fuels, explosives manufacturing, photographic materials, automobiles, coatings, aeronautical, and metallurgical (steel) (Arshadi et al. ) . However, heavy metal ions are one of the most toxic inorganic pollutants in the environment, especially in water systems, and arouse crucial concerns. Pb(II) is a common heavy metal ion. It can cause serious damages to bone, muscle, kidney, nervous system, and the brain (Xi et al. ; Zhang et al. ; He et al. ) . The industry of lead mining, smelting, and consuming can always produce lead pollution. It has been reported that over 20 million tons of wastewater containing Pb(II) was generated each year (Liu et al. ) . Therefore, the effective recovery of Pb(II) from wastewater has been a crucial issue related to the quality of human life and ecological environment (Zhang et al. ) .
Many different methods have been applied to treat heavy metal polluted wastewater, including membrane separation, chemical precipitation, adsorption, and ionexchange (Fu & Wang ; Hua et al. ; Vijayaraghavan & Joshi ; Liu et al. ) . In recent years, nanoscale zerovalent iron (NZVI) has become one of the most widely used materials in pollutants removal. It has received extensive attentions because of its simple synthesis method, large specific surface area, high reaction activity, and strong reductive power (Crane & In this study, carbon/Fe 3 O 4 supported zero-valent iron composites (NZVI@CM) were prepared by hydrothermal and liquid-phase reduction methods. The composites were characterized by transmission electron microscopy (TEM), X-ray diffraction (XRD), Fourier transform-infrared spectroscopy (FT-IR), thermogravimetric analysis (TGA), vibrating sample magnetometry (VSM), X-ray photoelectron spectroscopy (XPS) and Brunauer-Emmett-Teller (BET) adsorption. The ability of NZVI@CM magnetic nanocomposites to remove Pb(II) from aqueous solution was investigated. The various reaction conditions were optimized for Pb(II) removal. A kinetic study was also carried out in this study.
EXPERIMENTAL Materials
Lead acetate, ferric chloride hexahydrate, sodium borohydride, anhydrous ethylene glycol, sodium acetate anhydrous, glucose, sodium chloride, sodium nitrate, sodium hydroxide and sulfuric acid (analytical reagent) were obtained from Sinopharm Chemical Reagent Company (Shanghai, China). All chemicals were used without any further purification. Purified water (Wahaha Group Ltd, Hangzhou, China) was used throughout the experiments.
Apparatus
Transmission electron micrographs (TEM) were taken by a JEM-200CX (JEOL, Tokyo, Japan) microscope operating at a 200 kV accelerating voltage. XRD patterns were recorded by a Rigaku D/max 2500/PC instrument. FT-IR spectra were recorded over 4,000 À 400 cm À1 in a Tensor 27 spectrometer (Bruker, Germany). Thermogravimetric measurements were performed on a STA 449 F3 Jupiter simultaneous thermal analyzer at a heating rate of 10 W C min À1 in nitrogen (Netzsth, Selb, Germany). The magnetism measurement of the nanomaterials was examined using a VSM (Quantum Design, San Diego, CA, USA) at room temperature. XPS analysis was performed on a PHI 5000 VersaProbe system, using monochromatic Al Kα radiation (1,486.6 eV) operating at an accelerating power of 15 kW (UlVAC-PHI, Kanagawa, Japan). BET surface area analysis was performed using nitrogen adsorption method with an ASAP2020 surface analyzer (Micromeritics Instrument, USA). The concentration of Pb(II) was analyzed by atomic absorption spectrometer (AAS) using AVANTA (GBC, Australia) by 283.3 nm.
Preparation of the NZVI@CM nanocomposites

Preparation of Fe 3 O 4 magnetic nanoparticles
Fe 3 O 4 nanoparticles were synthesized by solvothermal method on the basis of our preceding work (Yang et al. ) with minor modifications. Briefly, 1.35 g FeCl 3 ·6H 2 O was added to 40 mL anhydrous ethylene glycol with magnetic stirring. Then 3.6 g sodium acetate anhydrous was added to the mixture. After 30 min stirring, the solution was transferred to a Teflon-sealed autoclave and heated at 198 W C. After reaction for 6 h, the autoclave was cooled to room temperature. The products were washed with water and anhydrous ethanol several times, respectively.
Preparation of CM magnetic nanocomposites
The Fe 3 O 4 synthesized above was dispersed in 0.5 mol·L À1 glucose solution. After ultrasonic mixing for 30 min, the mixed solution was transferred to a Teflon-sealed autoclave at 180 W C for 4 h. Then the products CM were washed with water and anhydrous ethanol several times, alternately.
Preparation of NZVI@CM magnetic nanocomposites
Here, 0.2 g CM magnetic nanocomposites were transferred into a three-necked flask, 20 mL Fe(OH) 3 colloid and 20 mL absolute ethyl alcohol were poured into this flask under vigorous stirring. Finally, 10 mL 25 g·L À1 NaBH 4 solution was added to the flask under N 2 protection by the rate of 2 drops per second. After 15 min reduction, magnetic nanoparticles were collected by magnet and washed with water. The products NZVI@CM were stored in anhydrous ethanol to reduce oxidization. NZVI was synthesized by the same method above without the addition of CM particles.
The removal experiments of Pb(II)
The pH of Pb(II) aqueous solution was adjusted to 7.0 with the acetic acid-ammonium acetate buffer solution. In an oxygen limited condition, a certain NZVI@CM magnetic nanocomposites were added to 40 mL 500 mg·L À1 Pb(II) solutions at 25 W C in water-bathing. Aliquots of samples were taken at certain time intervals, and filtered immediately through 0.45 μm filter membranes. The concentrations of the Pb(II) aqueous solution were analyzed in AAS. The degradation percentage was obtained using Equation (1) as follows:
where C 0 is the initial concentration of Pb(II) aqueous solution (units: mg·L À1 ) and C is the concentration of Pb(II) aqueous solution after the degradation (units: mg·L À1 ).
RESULTS AND DISCUSSION
Characterization of NZVI@CM magnetic nanocomposites TEM analysis The NZVI@CM magnetic nanocomposites (Figure 1(d) ) show that the NZVI particles were assembled and dispersed on the surface of the CM magnetic nanocomposites. Figure 2 shows the XRD patterns of the (Figure 2 (Figure 2(d) ). According to Scherrer formula D ¼ kλ/βcosθ (k is 0.89, λ is 0.15405 nm, β is half-peak breadth, and θ is diffraction angle), the size of the nanomaterials is consistent with the result of TEM analysis. It can be seen that the NZVI@CM magnetic nanocomposites were successfully synthesized.
XRD analysis
FT-IR analysis
FT-IR spectra of the Fe 3 O 4 , CM, and NZVI@CM magnetic nanomaterials are shown in Figure 3 . The intense signal at 591 cm À1 in Figure 3 After the introduction of carbon and NZVI, the Fe-O vibrations turn to weaker (Figure 3(b) and 3(c) ), which confirms the hybridization of both NZVI and CM magnetic nanocomposites.
TGA analysis
TGA analysis was performed to determine the weight loss of the material over a certain temperature range. Figure 4 shows the TGA curves of the Fe 3 O 4 , CM, and NZVI@CM magnetic nanomaterials from room temperature to 800 W C.
There is a small weight-loss between 650 and 700 W C, which is attributed to the transformation of Fe 3 O 4 to α-Fe 2 O 3 (Deng et al. ) (Figure 4(a) ). Figure 4(c) shows that the CM magnetic nanocomposites undergo a significant weight-loss of about 74%, which can be attributed to the decomposition of carbon coated on the surface of the Fe 3 O 4 nanoparticles (Shen et al. ) . The NZVI@CM magnetic nanocomposites (Figure 4(b) ) have a weight-loss of about 62.5%, which is lower than that of CM because of the addition of NZVI. maximum saturation magnetization of the Fe 3 O 4 is 65.86 emu·g À1 (Figure 5(a) ). The magnetism of the CM nanocomposite is 54.44 emu·g À1 (Figure 5(b) ), which is smaller than that of Fe 3 O 4 . It is attributed to the presence of the non-magnetic carbon shell. With the combination of the NZVI and the CM, the magnetism increases and reaches to 79.69 emu·g À1 (Figure 5(c) ). All of the materials exhibit super paramagnetic behavior. When an external magnetic field was placed under the aqueous solution containing the NZVI@CM nanocomposites, the material can be quickly attracted and separated from the solution, thus preventing the environmental pollution. The photograph of magnetic separation of NZVI@CM in aqueous solution has been provided in the left-top inset of Figure 5 .
VSM analysis
XPS analysis
The NZVI@CM was further detected by XPS analysis. Figure 6 (a) shows the wide scan spectra of NZVI@CM without reaction. The photo electron lines at binding energies of approximately 280, 530 and 710 eV were attributed to C1s, O1s and Fe2p, respectively. Figure 6( 
Catalytic degradation of Pb(II)
Effect of the various materials on the removal of Pb(II) CM, NZVI, and NZVI@CM were used in the experiments of Pb(II) removal, respectively. Different materials show different removal efficiencies. As shown in Figure 7 , the decrease of Pb(II) is only 2.09% by using the CM. This may be attributed to the adsorption of Pb(II) on the CM. When the NZVI was applied as the catalyst, the removal rate of Pb(II) increased to 76.8%. This shows a better degradation effect than that obtained with CM. When CM was hybridized with NZVI, the nanocomposite NZVI@CM shows a satisfactory removal rate of 99.7%. It can be seen that NZVI@CM has the best reaction activity. With the introduction of the CM, the NZVI can be dispersed uniformly in the CM. So the NZVI@CM nanocomposite is more stable than the NZVI. The BET N 2 measurement analysis indicates that the surface area of the NZVI@CM was 16.1 m 2 /g, which is larger than that of the NZVI (15.0 m 2 /g) or CM (6.8 m 2 /g). Then more Pb(II) can be adsorbed on the CM, and then removed by the material ( 
Effect of the amount of NZVI@CM on the Pb(II) removal
In order to determine the optimal amount of NZVI@CM magnetic nanocomposite for Pb(II) removal, various amounts (20, 40, 60 and 80 mg) of NZVI@CM were added into 40 mL of 500 mg·L À1 Pb(II) solution. Figure 8 shows the correlation between the catalyst amount and the removal efficiency of Pb(II) by using the NZVI@CM nanocomposite. It can be seen that the removal efficiency of Pb(II) increases with the increase of the catalyst mass due to the higher amount of adsorption sites (Arshadi et al. ) . As the catalyst amount increased from 20 to 60 mg, the removal efficiency of Pb(II) increased from 11.7 to 99.7%. However, adding more NZVI@CM (80 mg) to the Pb(II) aqueous solution did not increase the removal efficiency. At low adsorbent dosages, the active sites on the adsorbent surface are not completely covered and, thus, the removal efficiency increases with the catalyst dosage. At high adsorbent dosages, the active sites on the adsorbent are completely occupied, resulting in a relatively constant removal capacity of Pb(II) from the aqueous solution (Zhang et al. ) . Therefore, 60 mg catalyst dosage was chosen as the optimal amount in the following experiments.
Effect of pH on the Pb(II) removal performance
The pH of the solution is considered one of the most important parameters in the removal process (Xu et al. ) . Figure 9 shows the effect of the initial solution pH on the removal of Pb(II) by using NZVI@CM magnetic nanocomposites. The experiments were carried out in the pH from 3 to 9. It can be seen that when the pH was adjusted from 3 to 7, the maximum removal efficiency increased from 60.3 to 99.7%. When the pH was set to 9, the removal efficiency decreased to 69.1%. When the pH is low, the concentration of H þ ions is high, which can cause a competition between H þ ions and Pb(II) for vacant adsorbent sites. Furthermore, H þ can react with the NZVI, which might lead to a decrease of the Pb(II) removal efficiency. When the pH is high, the concentration of hydroxy ions (OH À ) will increase in solution, which probably result in the precipitation of Pb(OH) 2 both in the solution and on the NZVI@CM surface (Katsoyiannis & Zouboulis ) . The precipitation of Pb(OH) 2 may hinder the interaction between the NZVI@CM and Pb(II) and reduces the removal efficiency of Pb(II). So the Pb(II) solution with pH >9.0 was not applied in the condition experiments. The pH 7 was chosen in the following experiments.
Effect of acid ion concentrations on Pb(II) removal
There are numerous ions in wastewater including common acid ions Cl À and NO À 3 . Figure 10 shows the effects of these two acid ions on the removal efficiency of Pb(II) by using NZVI@CM magnetic nanocomposites. The removal efficiency of Pb(II) decreases gradually with the increase of NO À 3 . This is probably attributed to a redox reaction between NZVI@CM and NO À 3 (Cho et al. ) . The main product of the reaction is NH þ 4 , which may cause a large consumption of H þ and an increase of the alkalinity (Westerhoff & James ; Cho et al. ) . The increase of the pH may also decrease the removal efficiency of Pb(II) when using the NZVI@CM nanocomposites.
As the Cl À concentration increases, the removal efficiency of Pb(II) remains somewhat constant, followed by a slight decrease. When the molar ratio of Cl À and Pb(II) is lower than or equal to 2, the Cl À does not influence the removal efficiency of Pb(II). The NZVI@CM can reduce the Pb(II), which is supported by the electrode potentials listed in Equations (2) Figure 10 | The effect of Cl À and NO À is higher than 2, excessive amounts of Cl À may be combined with the Pb(II) and form PbCl À 3 and PbCl 2À 4 (Felmy et al. ). On one hand, the electrode potentials of the coordinates to Pb decreased; on the other hand, the Cl À around the Pb(II) may prevent the NZVI from removing the Pb (II). Hence, the removal efficiency is decreased.
Experimental data analysis
Kinetic study of the reaction
In order to determine the rate-determining step, the kinetics of the Pb(II) removal using NZVI@CM were studied. The pseudo-first-order and pseudo-second-order adsorption models are commonly used to determine the reaction kinetics of the Pb(II) removal ( log (q e À q t ) ¼ log q e À k 1 2:303 t (4)
where k 1 and k 2 (mg·g À1 ·min À1 ) are the pseudo-first-order and pseudo-second-order adsorption rate constants, respectively; q t and q e (mg·g À1 ) are the amounts of Pb(II) adsorbed at time t and at an equilibrium time, respectively; C 0 (mg·L À1 ) is the initial concentration of Pb(II); C t (mg·L À1 ) is the concentrations of Pb(II) at any time t; V (L) is the total volume of the solution; M (g) is the mass of the catalyst.
The q e , k 1 , and k 2 values can be calculated through Equations (4) and (5). Table 1 lists the parameters from the different reaction models. The correlation coefficients (R 2 ) of the pseudosecond-order kinetic model are all higher than 0.99, while the R 2 of the pseudo-first-order kinetic model are relatively low. The good fitting shows that the pseudo-second-order kinetic model is more suitable for the removal of Pb(II) by using NZVI@CM, which suggests that adsorption might be the rate-determining step of the process. Meanwhile, there is a maximum for k 2 and q e at pH 7, which leads to the conclusion that pH 7 is the optimal condition. It also conforms to the conclusion of the experiments above. The schematic diagram of the mechanism for the Pb(II) removal by NZVI@CM is shown in Figure 11 .
CONCLUSIONS
In this study, NZVI@CM magnetic nanocomposites were synthesized by using hydrothermal and liquid-phase reduction methods. The structural characterizations were performed by TEM, XRD, FT-IR, TGA, VSM, XPS and BET analysis. It was shown that NZVI was successfully assembled on the surface of CM. This material was used in the Pb(II) removal in aqueous solutions. Different parameters such as reaction time, catalyst loading, solution pH, and acid ion have been discussed and optimized for Pb(II) removal. The results show that the removal efficiency of Pb(II) is 99.7% by using 60 mg of NZVI@CM at pH 7, which is more effective compared to those by using NZVI or CM. The kinetic study indicates that the Pb(II) removal is fitted by a pseudo-second-order kinetic model.
